Abstract. BACKGROUND: C-reactive protein (CRP) is used to evaluate the evolution of infections and sepsis in critically ill patients. For POCT testing, biosensor-based detection techniques offer quick and convenient application. OBJECTIVE: A prototype three dimensional chip was fabricated based on a new optomagnetic method to achieve the rapid detection of CRP. METHODS: This work investigates a new technology for the quick quantitative detection of the C-reactive protein (CRP) by total internal reflection magnetic imaging (TIRMI) on a three dimensional optomagnetic sensor. Transparent glass and hydrophilic plastic film with channels were used to construct the three dimensional sensor. The magnetic nanoparticles and immunological reagent were immobilized on the reaction area of the sensor. Samples were detected using total internal reflection magnetic spot imaging (TIRMI) based on a sandwich magnetic immunoassay by one-step assay. RESULTS: The developed 3D biosensor-TIRMI method showed a wide dynamic linear range (0.2-200 ng/ml) and quick detection (5 min) with low-sample volume (10 µL). CONCLUSIONS: We have presented a three dimensional optical protein chip that fulfills the demanding for point-of-care diagnostics in terms of ease-of-use (one step assay), miniaturization, assay time. This approach shows great promise for application in clinical investigations of biological samples.
Introduction
C-reactive protein (CRP) is an acute phase protein synthesized by the liver cells during inflammatory stimulation, such as microbial invasion, tissue damage and so on. Therefore, it is commonly used for differential diagnosis and monitoring. CRP is also used to evaluate the evolution of infections and sepsis in critically ill patients. The concentration of CRP is very low (< 5 mg/L) in healthy human serum, can run up to 20-40 mg/L by viral infections, and significantly increase to more than 100 mg/L during bacterial infections. So it is considered to be valuable in disease condition judgment. A high level of plasma CRP is a risk factor as well as a marker for cardiovascular disease [1] [2] [3] [4] [5] [6] .
Currently, general detection of CRP requires large equipment and professional operators. For POCT testing, biosensor-based detection techniques offer quick and convenient application. The arraying technologies for sensor design have used a variety of substrates for microarray techniques to solve the l imitations and problems of the conventional detection method [7, 8] .
In order to improve detection sensitivity and speed, the incorporation of magnetic particle enrichment into biosensor immunoassay procedures has been combined with the typical advantages associated with miniaturization. Magnetic micro-particles typically consist of a core of iron oxide nanoparticles and a polymer matrix. These particles have super-paramagnetic properties, because that the particles are only magnetic when a magnetic field is present. They quickly lose the magnetic properties and can re-disperse in a solution when the field removed.
The magnetic particles have very high surface-to-volume rations because of their small size. They are commercially available in a good range of surface functionalities. Therefore, they are useful for a variety of applications. Conventional magnetic particle-based assays, which involve the high efficiency, small volume, order transfer of reagents and washing buffers during the reaction, offer minimal particle loss and high capture efficiencies. However, they are batch processes, and their efficacy is reduced for having multiple operation steps that are both time-consuming and laborious. The combination of magnetic particles, sensor chips and total internal reflection imaging can reduce these multi-step procedures into a single step, decreasing processing times [9] [10] [11] [12] [13] [14] [15] [16] . Magnetic imaging is a powerful tool for probing biological and physical systems. Previous studies have shown that TIR is a effective optical testing tool to investigate protein concentrations at a high signal to noise ratio [17] [18] [19] [20] [21] [22] [23] . The extremely low background noise (100-300 nm in wall-normal thickness) of the evanescent illumination generated by Total Internal Reflection has led to its widespread application [22] . Therefore, magnetic imaging and TIR may be combined for use in field detection [15, 23] .
This study demonstrates a method for the quick detection of the CRP by a single step using total internal reflection magnetic imaging (TIRMI) combined with arrayed 3D photo-magnetic biosensors. These aspects yield simple yet rapid detection by way of a bidirectional magnetron and three-dimensional magnetic speckle imaging on a sensor. This method cleverly uses magnetic particle enrichment, separation and magnetic imaging, avoiding the optical agent application and achieving one-step reaction. This method is applicable to a variety of detection fields.
Materials and methods

Reagents
Native CRP from human pleural fluid, monoclonal anti-human CRP antibody and monoclonal paired antibody functionalized with biotin to the human CRP were purchased from Abzymo Biosciences Co. (Beijing, China). Streptavidin Coated Magnetic Particles (500 nm diameter) were purchased from Ruihong Biosciences Co. (Shanghai, China). BSA and other reagents were purchased from Sigma-Aldrich Inc. (St. Louis, MO, USA). The buffer solutions were prepared with ultra-pure water (> 18 MΩ). Concentration values stated in this study are used by serial dilutions in PBS buffer.
Apparatus and module
The Nano-Plotter TM (GeSiM, Germany) device can be used to precisely and rapidly dispense pLto µL-sized particles. The high precision laser engraving machine DPSS (Suzhou, China) was to cut biocompatible adhesive tape to form a microfluidic channel, a sample inlet, a waste liquid tank and a µL reaction chamber. For image and data collection, an optomagnetic analyzer consisting of TIRMI detection optics and an actuating electromagnetic module was created. 
Fabrication of sensor
The sensors were fabricated by two layers. The glass devices had a sublayer with a 3-D optic angle (Fig. 1) and a smooth surface were precisely batch machined, and the cover high transparent plastic parts were laser cut. The microfluidic channel and the reaction chamber were formed between the two layers by laser-cut hydrophilic adhesive tape. The bottom surface of the reaction area was immobilized with monoclonal antibodies in order to serve as the sensing surface. Spots of the capture antibody were inkjet printed with a Nano-Plotter TM (GeSiM, Germany) using a 1 nL print volume. The top surface of the reaction chamber was modified by 5 µL corresponding tracer antibody-magnetic composite particles. Figure 2 shows the basic experimental setup of the TIRMI system containing the optics module and the magnetic module. A LED (380 mW at 625 nm; Thorlabs, NJ, USA) was used as a light source. An MQ013MG-E2 CMOS (Ximea GmbH, Germany) camera combined telecentric lens was used to take magnetic spot images. The new electrically controlled bidirectional magnetic system is comprised of a power supply, an electromagnetic control circuit and program, and two identical small magnetic columns. The magnetic module can be adjusted to perform between 5 and 50 cycles of any time between 2 and 10 seconds. In this study, 20 cycles were performed at 5 seconds each.
Laboratory-built TIRMI system
Detection method and data analysis method
Ten µL of the standard sample was injected into the inlet of the sensor to perform the CRP detection tests. The sample passed through the channel into the reaction zone by means of capillary force and hydrophilic reaction. The tracer antibody-magnetic particles re-dispersed from the top surface and bound with the CRP in the reaction chamber. After complete filling and pre-reaction of the reaction zone, the bidirectional electric control magnetic actuation was started. The bidirectional magnetic force attracts the particles alternately up and down movement to increase the binding probability and speed of the immune reaction. A special magnetic washing step is used to remove excess magnetic particles after full immune response. The top electromagnet was turned on to draw unbound magnetic particles with the bottom electromagnet turned off. The arrays formed by magnetic nanoparticles at the bottom surface of the sensor changed the TIR path and the changes of magnetic array spots were reflected by the optical method of TIRMI.
Matlab software was used to assay the obtained magnetic spot imaging and convert the images to data that are proportional to the concentration of CRP.
Analysis and discussion
This optomagnetic biosensor technology based on magnetic particles can be used for the detection of a broad range of biological molecules in quick assays. Figure 3 displays a TIRMI image of a assay for CRP with 200 ng/ml. Nonspecific adhesion of magnetic particles to the surface outside the speckle region would interfere with imaging detection, which will be excluded in the following image analysis. Interference point elimination will be optimized in future surface modification and immunoassay research. Currently, using optics and electromagnets, 9 spots of 100 µm diameter can be simultaneously imaged (Fig. 3) . The number of spots imaged, and thus the number of detectable analytes, can be extended to 9 parameters. Figure 4 shows the signal change of CRP concentrations ranging from 0.2 to 200 ng/mL. The CRP samples were detected in a one-step method with immobilized reagents inside the micro reaction zone. The luminance values of the curve were derived from The TIRMI images of the arrays pots and assayed using a Matlab digital image processing program. The TIRMI grey values (negative correlation with luminance value) increased as the standard CRP concentration increased. The luminance values were negatively related to the logarithm of the CRP concentrations. The linear fit showed that the optical signal obtained is negative correlation with the CRP concentration during the range of 0.2 ∼ 200 ng/mL. This indicates that the sensor developed in this study can be useful for multi parameter detection. Further experimental analysis and software optimization work is being carried out to allow the detection of more parameters.
Conclusion
The quick assay of standard CRP was researched in order to develop applicable 3D devices and optomagnetic methods for precise and fast disease diagnosis at low concentrations with small sample of microlitre level. Compared to the traditional detection technique, the developed 3D biosensor-TIRMI method showed a wide dynamic linear range (0.2-200 ng/ml) and quick detection (5 min) with lowsample volume (10 µL). Therefore, this approach shows great promise for application in clinical investigations of biological samples with low concentrations. In addition, the clear advantages of the presence of 3D devices and optomagnetic methods are likely extensible to other targets for quick testing.
